Abstract. Our planet shows striking gradients in the species richness of plants and animals, from high biodiversity in the tropics to low biodiversity in polar and high-mountain regions. Recently, similar patterns have been described for some groups of microorganisms, but the large-scale biogeographical distribution of freshwater phytoplankton diversity is still largely unknown. We examined the species diversity of freshwater phytoplankton sampled from 540 lakes and reservoirs distributed across the continental United States and found strong latitudinal, longitudinal, and altitudinal gradients in phytoplankton biodiversity, demonstrating that microorganisms can show substantial geographic variation in biodiversity. Detailed analysis using structural equation models indicated that these large-scale biodiversity gradients in freshwater phytoplankton diversity were mainly driven by local environmental factors, although there were residual direct effects of latitude, longitude, and altitude as well. Specifically, we found that phytoplankton species richness was an increasing saturating function of lake chlorophyll a concentration, increased with lake surface area and possibly increased with water temperature, resembling effects of productivity, habitat area, and temperature on diversity patterns commonly observed for macroorganisms. In turn, these local environmental factors varied along latitudinal, longitudinal, and altitudinal gradients. These results imply that changes in land use or climate that affect these local environmental factors are likely to have major impacts on large-scale biodiversity patterns of freshwater phytoplankton.
INTRODUCTION
The increases in species richness of plants and animals from the poles to the tropics, and from the mountains to the lowlands provide two of the most striking biodiversity patterns on our planet (Rosenzweig 1995 , Gaston 2000 , Willig et al. 2003 . Biologists have studied these large-scale biodiversity gradients in macroorganisms for centuries, leading to many insights on the biogeographical variation of species richness. For instance, temperature is considered to be a major determinant of latitudinal and altitudinal gradients in plant and animal diversity (Rohde 1992 , Allen et al. 2002 , diversity is often (but not always) highest at intermediate levels of ecosystem productivity (Grime 1973 , Waide et al. 1999 , Mittelbach et al. 2001 , and species richness generally increases with habitat area (Arrhenius 1921 , MacArthur and Wilson 1967 , Rosenzweig 1995 .
Until recently, it was controversial whether similar biodiversity patterns apply to microorganisms as well. Microorganisms have been hypothesized to show only weak geographic variation in diversity compared to macroorganisms. Their small size, high abundance, fast population growth, and long-range dispersal are often thought to increase the chances for microorganisms to reach new habitats and establish new populations, which could smooth out any diversity gradient (Fenchel and Finlay 2004, Hillebrand 2004) . However, recent studies indicate that spatial diversity patterns do exist for microorganisms (Martiny et al. 2006) . Fossil records (Stehli et al. 1969) and two recent surveys of contemporary pelagic marine bacteria (Pommier et al. 2007 , Fuhrman et al. 2008 ) document a gradient of decreasing microbial diversity from low to high latitudes. Likewise, Rutherford et al. (1999) found that the diversity of marine planktonic foraminifera displays a latitudinal gradient, where diversity peaks at mid-latitudes, is lowest at high latitudes and is intermediate in the tropics. Altitudinal diversity gradients have been described for soil bacteria (Bryant et al. 2008 ) and diatoms (Wang et al. 2011) . Surprisingly, relatively few studies have quantified spatial diversity gradients of entire algal communities (Dodson et al. 2000 , Irigoien et al. 2004 , Ptacnik et al. 2010 , although diversity patterns of specific taxonomic groups, such as diatoms, have been studied in more detail (Vyverman et al. 2007 , Passy 2008 , Cermeño and Falkowski 2009 , Soininen et al. 2009 , Wang et al. 2011 ). Phytoplankton form a highly diverse group of prokaryotic and eukaryotic microorganisms, and have served as one of the paradigm systems for studies on the maintenance of species diversity (the ''paradox of the plankton''; Hutchinson 1961 , Huisman and Weissing 1999 , Stomp et al. 2004 . Several factors are known to affect phytoplankton species coexistence at a local scale, such as productivity (Leibold 1996) , nutrient supply ratios (Tilman 1982 , Sommer 1993 ) and the underwater light climate , Stomp et al. 2007 . Geographical variation in these environmental factors has been implicated as a major determinant of largescale patterns in phytoplankton diversity. For instance, earlier studies have shown that phytoplankton diversity is a unimodal function of productivity, both in freshwater lakes (Dodson et al. 2000) and marine ecosystems (Irigoien et al. 2004) . A global ocean model predicts a decrease in phytoplankton diversity with increasing latitude (Barton et al. 2010 ), but these model results are under debate (Huisman 2010) and empirical studies failed to find a latitudinal diversity gradient in marine phytoplankton (Cermeño et al. 2008) . Recent work by Ptacnik et al. (2010) showed that patterns of phytoplankton diversity across Scandinavian lakes are related to regional variation in phosphorus availability. Other studies point at the importance of historical processes such as migration and dispersal in determining large-scale biodiversity patterns of freshwater diatoms (Vyverman et al. 2007 , Soininen et al. 2009 ), but dispersal limitation seems less important in marine diatoms (Cermeño and Falkowski 2009 ). In total, these studies have provided many new insights on phytoplankton biodiversity patterns, but a comprehensive understanding of the relative importance of different environmental drivers of phytoplankton diversity across large spatial scales is still lacking.
We took advantage of an extensive data set to examine possible patterns of phytoplankton diversity across the continental United States and to evaluate the environmental factors driving these patterns. Samples from 540 lakes and reservoirs from across the United States were collected by the Environmental Protection Agency (EPA). In each sample, phytoplankton were counted, usually to the species level. In addition, the EPA measured several chemical and physical parameters in each lake (e.g., nutrients, temperature, turbidity, lake area, lake depth). This extensive data set provides a unique opportunity to investigate large-scale biodiversity gradients in freshwater phytoplankton, and to test whether they are governed by similar underlying mechanisms as those for terrestrial plants and animals.
METHODS

Data collection
Data were collected from 540 lakes and reservoirs sampled from [1973] [1974] [1975] as part of the National Eutrophication Survey conducted by the U.S. EPA. Here we summarize their methods (see Taylor et al. 1979 for detailed information). The lakes were sampled one to four times, with most of them sampled three times within the same year, in spring, summer and fall. The depth-integrated water samples were taken from the surface to 4.6 meters depth, or from the surface to the photic depth (depth at which light intensity falls to 1% of the surface light intensity), whichever was greater, at the deepest point in each lake and reservoir. If the depth of the sampling site was less than 4.6 m, the sample was taken from just above the sediment to the surface. Phytoplankton species abundances and a number of physical and chemical parameters were all measured on the same water sample. Subsamples for phytoplankton counts were preserved with Lugol's solution (IKI), and were shipped to the Environmental Monitoring and Support Laboratory, Las Vegas, Nevada, where phytoplankton were identified to species or genus level and enumerated by microscopes using a Neubauer counting chamber (Hausser Scientific, Horsham, Pennsylvania, USA) at 4003. If greater detail was essential to accurately identify diatom species, a phase-contrast microscope was used. The count was stopped when a minimum of 100 fields (corresponding to a total volume of 0.4 lL) had been viewed or when the dominant species had been observed a minimum of 100 times. Quality control checks were performed on 5% of the samples by G. W. Prescott of the University of Montana to verify species identifications. The agreement between the original counts and the quality control checks for species identification was good. The phytoplankton taxonomy results were published in EPA reports (see Appendix A for references). We used the total number of phytoplankton species encountered in each lake over the course of a year as our measure of phytoplankton diversity (species richness).
Chlorophyll a concentration, nutrient concentration, turbidity of the water column (as measured by Secchi depth), water temperature, lake depth, lake surface area, and geographical locations of the lakes were determined using EPA methods (Taylor et al. 1979) . These environmental data were originally published in EPA NES Working Papers (see Appendix A for references), and are freely available at the EPA Legacy and Storage and Retrieval data system (available online).
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For our analysis, we used the mean values for each of these variables, averaged over depth and year. Chlorophyll a is the core photosynthetic pigment present in all phytoplankton species, and its concentration was therefore used as a simple proxy of total phytoplankton biomass. Total chlorophyll a is often used as a proxy of primary productivity as well (Eppley et al. 1985, Falkowski and Raven 1997) , assuming that the rate of carbon fixation is positively correlated with the chlorophyll a concentration. Altitudes of the sampled lakes were retrieved from GPS Visualizer, using their geo-graphical coordinates (available online).
6 The data of the 540 lakes and reservoirs used in this paper are provided in the Supplement.
Data analysis
Our working hypothesis is that large-scale patterns of phytoplankton diversity can be interpreted as a multileveled biogeographical pattern. That is, we envision that the species richness of a lake is to a large extent determined by local environmental factors (e.g., nutrients, water temperature), and that these local environmental factors in turn vary along biogeographical gradients. This nested structure is reflected in our data analysis.
First, we used stepwise multiple regression with forward selection of variables to identify the most important local environmental variables explaining species richness in the 540 lakes and reservoirs. The dependent variable, species richness, was log-transformed to homogenize its variance. Environmental variables were log-transformed if this resulted in a more uniform spread of data points. Environmental variables tested in the multiple regression analysis were surface area of the lake (km 2 ), lake depth (m), water temperature (8C), total phosphorus (mg/L), total nitrogen (mg/ L), Secchi depth (m), and chlorophyll a concentration (lg/L), as well as the square of chlorophyll a concentration consistent with the nonlinear relationship observed between chlorophyll a and species richness. In addition, the interactive effect of total nitrogen (TN) and total phosphorus (TP) concentration (TN 3 TP) was used to test whether the TN:TP ratio had an impact on species richness (Sommer 1990 ). Second, we used the same stepwise multiple regression approach to investigate how each of these local environmental variables varied with the geographical coordinates of latitude, longitude and altitude (km). Variables were selected in the multiple regression only if P , 0.001. The analysis was performed using SPSS version 16.0 (SPSS Inc., Chicago, Illinois, USA).
To gain further understanding of the linkages between species richness, environmental variables and geographical location, we developed a structural equation model (SEM). Structural equation modeling is a robust multivariate statistical method that allows for hypotheses testing of complex networks of relationships and its use is increasing in a wide range of ecological applications (e.g., Shipley 2002 , Grace et al. 2010 . We started with an initial SEM that included all plausible pathways between species richness, our set of local environmental variables, and the geographical coordinates of the lakes. In addition, the pathway between chlorophyll a and its quadratic term was included to represent their intercorrelation (Grace 2006) . We corrected for uneven sampling effort by including the number of days sampled as a cause of species richness and a covariate of all environmental parameters in the SEM. Number of days sampled was positively related to species richness, negatively correlated with latitude, longitude, and altitude and positively correlated with lake area. By including the number of days sampled in the SEM, the presented results are exclusive of these spurious influences.
Our first attempt with the initial model revealed that it was under-identified, meaning that there was some redundancy such that it was not possible to estimate all of the model's parameters. We therefore investigated the statistical relationships among the variables included in the model to identify possible redundancies. This revealed high collinearity between total phosphorus and total nitrogen (Pearson correlation, q ¼ 0.73, P , 0.001), with very similar effects on chlorophyll a concentration. Furthermore, Secchi depth was strongly and inversely correlated to chlorophyll a concentration, but was unrelated to the other variables once chlorophyll a concentration was incorporated in the model. Removal of total nitrogen and Secchi depth from the SEM eliminated the under-identification of the initial model.
Subsequently, the significance of each path-coefficient was tested by its critical ratio (P , 0.001), and nonsignificant paths were removed in a stepwise fashion until all remaining paths were significant. This procedure of stepwise reduction of the initial model is called model trimming (Kline 2005) . In addition, we removed pathways from the model if they were not directly or indirectly linked to species richness. The overall fit of the final model was evaluated with the adjusted goodnessof-fit index (AGFI) (Schermelleh-Engel et al. 2003) . We calculated both standardized and unstandardized pathcoefficients for each pathway in the final model. The standardized path coefficients are independent of the units of measurement of the different variables, thus enabling comparison of the relative contributions of the different paths in the structural equation model. However, standardized coefficients are known to depend on the range of variation within each variable, which could bias its interpretation (Grace and Bollen 2005) . Therefore, we also report the unstandardized coefficients and their standard errors (Appendix B). The structural equation analyses was performed using R version 2.8.1 (R Development Core Team 2008) with package sem version 0.9-21 (available online).
RESULTS
Biogeographical distribution of phytoplankton diversity
We found a distinct biogeographical distribution of phytoplankton diversity (Fig. 1A) , which showed striking similarities with the topography of the USA (Fig. 1B) . High phytoplankton diversity was found in lakes of the southern and eastern part of the United States, particularly in lowland areas such as in Florida and the Mississippi delta. Low diversity was found at higher altitudes in the mountainous west, and also in some lakes in the east (e.g., in the Appalachian Mountains; Fig. 1A, B) . Indeed, linear regression showed that phytoplankton diversity decreased with latitude and altitude ( Fig. 2A, C ), but increased with longitude (Fig. 2B) .
The biogeographical distribution of phytoplankton diversity (Fig. 1A) also showed many similarities with maps of local environmental variables such as water temperature (Fig. 1C ) and lake chlorophyll a (Fig. 1D) . Multiple regression analysis confirmed that temperature, chlorophyll a, lake area, and lake depth all had significant effects on phytoplankton diversity, explaining more than 50% of the total variation in the data set (Table 1 ). More specifically, phytoplankton diversity showed an increasing saturating relationship with lake chlorophyll a (Fig. 2D) , increased with temperature ( Fig. 2E) , increased with lake area (Fig. 2F) , and decreased with lake depth (Table 1) . Interestingly, nitrogen and phosphorus failed to enter the regression equation once lake chlorophyll a was included (Table 1) , probably because the chlorophyll a concentration showed high collinearity with total phosphorus (Fig.  2G ) and total nitrogen (Fig. 2H) . Furthermore, chlorophyll a decreased with lake depth (Fig. 2I) .
All local environmental variables showed large-scale variation across the landscape of the USA. For instance, temperature decreased with latitude and altitude but increased with longitude, chlorophyll a decreased with altitude but increased with longitude, and lake depth decreased with longitude ( Table 2) .
Drivers of phytoplankton diversity
We used a structural equation model to disentangle the complex network of direct and indirect effects on phytoplankton diversity. Our initial model included all plausible pathways between phytoplankton diversity, the local environmental variables and geographical coordinates (Fig. 3A) . We trimmed the initial model by removing all non-significant pathways, until we arrived at a final model in which all pathways were significant ( Fig. 3B ; Appendix B: Table B2 ). The order of deletion of the nonsignificant pathways and their significance values are presented in Appendix B (Table  B1 ). The adjusted goodness-of-fit index (AGFI) of the trimmed model was AGFI ¼ 0.92, indicating a good fit of the model to the data (Schermelleh-Engel et al. 2003) .
The path-coefficients of the final model showed that most environmental variables, except total phosphorus, FIG. 2. Patterns of species richness and phytoplankton biomass. Species richness of freshwater phytoplankton as a function of (A) latitude, (B) longitude, (C) altitude, (D) productivity, (E) temperature, and (F) lake area. Phytoplankton biomass (measured as chlorophyll a) as a function of (G) total phosphorus concentration, (H) total nitrogen concentration, and (I) lake depth. Data points correspond to individual lakes. Regression lines show best linear fits (in A-C, E-I) and quadratic fit (D). All regression lines are highly significant (P , 0.001). Notes: We used stepwise multiple regression with forward selection of variables. Environmental variables investigated in the regression analysis were lake area (km 2 ), lake depth (m), water temperature (8C), total phosphorus (TP; mg/L), total nitrogen (TN; mg/L), the interaction term TN 3 TP, Secchi depth (m), chlorophyll a concentration (lg/L), and the square of chlorophyll a concentration. Environmental variables were selected only if P , 0.001 and are listed in the order of entry into the model. Species richness, lake area, lake depth, total phosphorus, total nitrogen, Secchi depth, and chlorophyll a concentration were log-transformed prior to the analysis. 
We used stepwise multiple regression with forward selection of variables. Geographical location was characterized by three regression variables: latitude, longitude, and altitude (km). The regression variables were selected only if P , 0.001 and are listed in the order of entry into the model. Lake area, lake depth, total phosphorus, total nitrogen, Secchi depth, and chlorophyll a concentration were log-transformed prior to the analysis. varied along latitudinal, longitudinal and/or altitudinal gradients. Furthermore, phytoplankton species richness increased with lake area, and showed a strong positive relationship with lake chlorophyll a ( Fig. 3B ; Appendix B: Table B2 ). In addition, lake chlorophyll a had a negative quadratic effect on species richness, consistent with the saturating relationship in Fig. 2D . The geographical variables latitude, longitude and altitude also had direct effects on species richness (Fig. 3B) . Total phosphorus concentration and lake depth did not display a significant direct effect on phytoplankton diversity, but had indirect effects on phytoplankton diversity due to their effects on lake chlorophyll a. Interestingly, temperature did not have a significant effect on species richness in the structural equation model, neither directly nor indirectly, whereas it did have a significant effect in the multiple regression analysis.
To evaluate whether the direct effects of geographical variables (longitude, latitude and altitude) on species richness might suppress effects of environmental variables, we also performed a SEM analysis without direct pathways from the geographical variables to species richness (Fig. 3C) . In this case, direct effects of temperature and lake depth on species richness became significant. Note that most other pathways in the two structural equation models (Fig. 3B, C) were very similar, which indicates that these pathways were robust.
DISCUSSION
The role of local environmental variables
Our results show that the diversity of freshwater phytoplankton displays strong biogeographical variation across the United States (Fig. 1, Fig. 2 ). Visual inspection of the data (Fig. 2D-F) , multiple regression analysis (Table 1 ) and structural equation modeling (Fig. 3) all indicate that these large-scale biodiversity gradients are largely mediated by geographic variation in local environmental factors such as lake productivity (chlorophyll a concentration), lake area, and possibly lake depth and water temperature.
Of all variables included in our study, lake chlorophyll a had the largest effect on phytoplankton biodiversity. Moreover, both the multiple regression analysis and the structural equation model identified a significant quadratic term for lake chlorophyll a. This finding suggests either a saturating or unimodal productivity-diversity relationship, as has also been documented in many other studies of terrestrial, marine and freshwater biodiversity (Grime 1973 , Rosenzweig 1995 , Waide et al. 1999 , Dodson et al. 2000 , Mittelbach et al. 2001 , Irigoien et al. 2004 . Earlier studies demonstrating unimodal productivity-diversity relationships in freshwater phytoplankton typically included very productive lakes (Dodson et al. 2000) , whereas our data set contained only few highly productive waters with chlorophyll a concentrations . 100 lg/L. This may explain why a decrease of diversity at high chlorophyll a levels is not very pronounced in our data set (Fig. 2D) . In turn, chlorophyll a concentration showed a strong positive relationship with total nitrogen and total phosphorus (Fig. 2G, H) , which is expected because nitrogen and phosphorus are impor- FIG. 3. Continued. tant limiting nutrients in freshwater ecosystems (Schindler 1974 , Elser et al. 2007 . Furthermore, chlorophyll a concentration was negatively associated with lake depth (Fig. 2I) . This is probably because deep mixing suppresses phytoplankton production due to light limitation (Petersen et al. 1997 , Huisman 1999 , Diehl et al. 2002 and because internal loading of nutrients from sediments into the water column is generally much higher in shallow lakes than in deep lakes (Wetzel 2001) , as indicated by the negative relationship between total phosphorus and lake depth (Fig. 3B, C) .
Phytoplankton diversity increased with lake area. This pattern resembles the common species-area relationship observed in many ecosystems (Arrhenius 1921 , MacArthur and Wilson 1967 , Rosenzweig 1995 . According to the theory of island biogeography (MacArthur and Wilson 1967) , large ecosystems are likely to harbor more species due to higher immigration rates and lower extinction rates. Indeed, lakes can be regarded as aquatic islands in a terrestrial world, thus offering an explanation for the positive species-area relation in our analysis. This finding is consistent with Horner-Devine et al. (2004) and Reche et al. (2005) , who reported species-area relationships for bacterial communities in salt marshes and alpine lakes, respectively. Likewise, Smith et al. (2005) described a positive species-area relationship in phytoplankton communities across a broad size range from small experimental microcosms to ponds, lakes, and oceans.
Interestingly, some environmental factors did not reveal a consistent relationship with phytoplankton biodiversity. For instance, the multiple regression analysis (Table 1) points at a positive effect of water temperature on species richness. However, water temperature did not show a significant effect on species richness in the SEM analysis of Fig. 3B . This latter finding might be a bias arising from the structure of this SEM, as temperature showed by far the strongest statistical relationship (R 2 ¼ 0.73; Table 2 ) with the geographical variables altitude, latitude, and longitude. Hence, temperature may have become a redundant variable when the SEM included direct effects of these geographical variables on species richness. Indeed, after removing the direct effects of these geographical variables from the model, temperature did have a significant positive effect on species richness (compare Figs. 3B and 3C) . Alternatively, the lack of a strong temperature effect on phytoplankton species richness might be real. This would be in agreement with results of Cermeño et al. (2008) , who found that water temperature did not have a significant effect on marine phytoplankton diversity. Yet, temperature is considered to be a good predictor of large-scale biodiversity patterns for many other species groups, including terrestrial plants and animals (Rohde 1992 , Allen et al. 2002 , Currie et al. 2004 , Mittelbach et al. 2007 ) as well as marine organisms (Fuhrman et al. 2008 , Rombouts et al. 2009 , Tittensor et al. 2010 . Diversity studies spanning a larger latitudinal gradient, from the poles to the tropics, may shed more light on the potential effects of temperature on phytoplankton species richness.
Our results also show a minor but significant negative effect of lake depth on phytoplankton species richness in the multiple regression analysis (Table 1) , and in the SEM analysis without direct pathways from the geographical variables to species richness (Fig. 3C) . This finding may reflect the sampling strategy used by the EPA, as deeper lakes may have additional biomass and perhaps additional diversity in deep chlorophyll a maxima not collected in samples from the upper 4.6 m. Alternatively, this negative relationship may indicate that shallow lakes host more species than do deep lakes. For example, phytoplankton communities of shallow lakes can be enriched with benthic algal species resuspended into the water column after storms (Schelske et al. 1995) or by activities of benthivorous fish disturbing the sediments (Roozen et al. 2007 ). Furthermore, some species that are commonly regarded as planktonic organisms may actually spend part of their life in the sediment (Preston et al. 1980 , KarlssonElfgren and Brunberg 2004 , Verspagen et al. 2005 . In this way, lake sediments might offer additional niche space, contributing to higher phytoplankton biodiversity in shallow lakes, as anticipated by Hutchinson (1961) in his classic essay on the paradox of the plankton.
Limitations and caveats
A major contribution of our analysis is that we aimed to unravel the key environmental drivers of large-scale patterns in phytoplankton diversity using advanced statistical techniques like structural equation models. This approach revealed that geographical variation in phytoplankton diversity is not governed by a single master factor, e.g., temperature, but by a relatively complex network of multiple local environmental variables (Fig. 3) .
The statistical analyses performed here are subject to the same caveats as simple regression analyses. Specifically, statistical relationships do not necessarily reveal the underlying mechanisms regulating phytoplankton biodiversity. For example, the structural equation model indicates that altitude has a direct negative effect on phytoplankton biodiversity (Fig. 3B ), yet this relationship is probably driven by one or more environmental variables that covary with altitude but which were not measured in our study. For instance, a shorter growing season at high altitudes might reduce the number of species that can develop during seasonal succession Klausmeier 2001, Klausmeier 2010) . Likewise, seasonal variation in environmental conditions increases at higher elevation, and could reduce species richness by excluding sensitive species with a narrow tolerance range (Currie et al. 2004 ). Reduced dispersal is an additional mechanism by which altitude may reduce phytoplankton diversity, because alpine lakes are relatively isolated compared to most lakes at lower elevations (Stevens 1992 , Vyverman et al. 2007 ). Moreover, organisms of high mountain lakes are challenged by high UV radiation and UV-sensitive species may get excluded, thus reducing diversity (Callieri et al. 2001 ). An important challenge for future studies is to disentangle these possible altitudinal effects on phytoplankton diversity.
Significant correlations between the geographical variables altitude, latitude, and longitude (Fig. 3B, C) may limit the statistical power of our analysis to distinguish between altitudinal, latitudinal and longitudinal diversity gradients. In particular, altitude co-varies strongly with longitude across the United States (Fig.  1B) due to mountain ranges of the Rocky Mountains and Sierra Nevada in the western part of the United States. This pattern makes it particularly difficult to separate altitudinal from longitudinal gradients. Similar biodiversity studies on other continents with less pronounced covariation of altitude and longitude (e.g., Europe, Asia) could offer a valuable addition to the data presented here.
Our analysis is also subject to common caveats concerning the relationship between measured and actual (''true'') species diversity. For example, some taxa may be undetected because they are rare or show high levels of cryptic diversity (Hughes et al. 2001) . Inevitably, our estimate of phytoplankton species richness is biased towards more easily detectable species and no doubt underestimates true species richness. However, a key strength of the EPA dataset is that the species of all lakes were identified and counted by the same investigators, which contributes to the internal consistency of the dataset. Further studies are needed to quantify the magnitude of the discrepancy between estimated and true species richness, possibly by comparison of microscopic counts vs. molecular techniques.
Conclusions and perspectives
Our study provides compelling evidence for strong latitudinal, longitudinal, and altitudinal gradients in freshwater phytoplankton diversity. This finding confirms recent studies that microorganisms can show substantial geographical variation in biodiversity (Martiny et al. 2006 , Pommier et al. 2007 , Fuhrman et al. 2008 , Bryant et al. 2008 , Ptacnik et al. 2010 ). In addition, we found that phytoplankton biomass (chlorophyll a) and lake area were important drivers of phytoplankton diversity in lakes, consistent with the impact of productivity and habitat area on diversity patterns observed in macroorganisms (MacArthur and Wilson 1967 , Rohde 1992 , Rosenzweig 1995 , Mittelbach et al. 2001 . The unique data set collected by the EPA provided the opportunity to examine patterns of phytoplankton diversity over an exceptionally large spatial scale. Yet, these data were gathered almost 40 years ago, and meanwhile the phytoplankton community structure in many of these lakes may have altered drastically due to changes in nutrient status, land use and climate change. It would therefore be highly interesting to reexamine phytoplankton diversity in these lakes. Such knowledge is crucial for our understanding of aquatic biodiversity, and we encourage longterm investment in similar large-scale biodiversity surveys in the next decades to assess impacts of worldwide changes in land use and climate.
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